If, as suggested, creative (insight) problem solving is less systematic and employs less planning than analytical problem solving, the former requires substantially less working memory (WM) than the latter. Subjects simultaneously solved problems and counted auditory stimuli (concurrent WM task), in response to which ERPs were recorded. Counting disrupted analytical, but not creative performance. Peak and time-window average P300 were more frontal during analytical problem solving as compared to insight or counting tones only (control). A PCA extracted two factors in the P3 range, one frontal and one broad left-lateralized, which distinguished analytical from creative problem solving. The ®ndings indicate distinct processing pathways for the two types of tasks with more WM involvement in analytical tasks.
INTRODUCTION
In the present study electrophysiological evidence was used for testing competing hypotheses regarding higherorder processes characterized by low levels of self-awareness.
It has been claimed that solutions to creative (or insight) problems, which would be described in information processing terms as ill-de®ned [1±4] are reached in a distinct fashion: they are unpredictable [5±7], dif®cult to report [8] and they are generated suddenly (non-incrementally) in the absence of strategies. This is in contrast with the wellde®ned analytical problems, which involve systematic verbal analysis [8] , planning and incremental resolution [5±7] (see Fig. 1 for each problem type).
Positive mood has a differential effect on the two types of tasks: facilitation in creative [9] and disruption in analytical [10] . It was claimed that selective disruption of analytical performance was caused by the depletion of WM by positive mood [10] . However, other authors [ 11± 13] suggest that the processes underlying insight and analytical tasks are, in fact, similar and that the difference is the high domain speci®city of the insight tasks. These investigators provide evidence claiming to indicate the incremental and systematic character of insight problem solving and a prominent WM component is postulated in their model of the insight problem solving.
The ®rst attempt to investigate whether the creative/ deductive distinction is real at a biological level involved the use of heart rate measures, which were performed while subjects were solving ill-de®ned (creative) and wellde®ned (analytical) problems [3] . A gradual increase in the heart-rate preceded the solution in well-de®ned problems and an abrupt increase signaled the resolution in illde®ned problems. This was interpreted as indicating the incremental nature of the approach to the solution in the well-de®ned task and the sudden resolution in the creative task. An EEG study, performed by the same research group [4] found more alpha power (less activation) in illde®ned (creative) than in well-de®ned (analytical) problem solving. However, the ®ndings lacked speci®city with regard to processes differentially involved in the two types of tasks.
The aim of the current study is to employ more discriminative measures to investigate such processes, in particular WM. Since the two perspectives on the analytical vs. creative processes are strongly divergent with regard to the amount of planning employed in these tasks, they also make opposite predictions with regard to WM (more WM in analytical than in creative vs same WM involvement in both).
The P300 component of the ERP has been shown to re¯ect cognitive processing demands and to be sensitive to WM function [14] with frontal P300 components (P3a) re¯ecting the encoding of new stimuli in WM [15, 16] . The degree of frontality of the P3 family components in the two tasks, re¯ected by larger P300 amplitudes at frontal sites, will test the two theoretical perspectives.
Measuring cortical responses to the WM involvement in such tasks may appear dif®cult given the problem of temporally locating WM in the problem solving continuum and isolate it from other processes. This can be resolved by introducing a concurrent task which taps the process of interest (WM in our case) and competes with the main task for resources available to that process. The behavioural measure of interference would be analytical and insight performance with vs without the concurrent task. The cortical re¯ection of the interference were ERPs recorded during analytical and creative problem solving and timelocked to CWMT.
Larger amplitude in response to the concurrent task could signify either less activation in the main task, which makes resources available to the concurrent one (A), or more activation in the main task, which makes processing of the concurrent task more effortful (B). In a control condition ERPs were collected while subjects counted the tones in the absence of problem solving: larger amplitude in response to tones with vs. without problem solving would clearly favour B.
MATERIALS AND METHODS
Subjects: Healthy right-handed undergraduates (13 females and seven males, mean age 19.15, s.d. 1.81; range 18±25 years) received credits for participation in the study. In order to investigate the disruptive effect of CWMT on the problem solving, control data were obtained from 15 females and 11 males (mean age 20.1, sd.1.94; range 18±27 years), who had carried out the same problem solving tasks in a previous study [17] under the same conditions but in the absence of CWMT.
Apparatus:
The auditory stimuli were generated by a computer. The EEG equipment consisted of a NeuroScience Brain Imager (series III) and an elastic electrode cap (Electro-cap International Inc., Dallas, Texas).
Tasks (see Fig. 1 ): For the analytical task, the deontic version of Wason's selection task (with subjects playing the rule enforcer role) [18] was employed as the analytical, task. This is a well-de®ned deductive reasoning task where subjects have been shown to have a uniform interpretation of the problem instructions [19] . The candle problem [20] was used as the primary insight task because it was employed by proponents of the two perspectives to be NAILS ENTER TRANSIT CHOLERA HEPATITIS
HEPATITIS
You are an immigration official. Among the documents you have to check is a medical form. One side of this form indicates whether the passenger is entering the country or is in transit, while the other side of the form lists names of tropical diseases for which the passenger has passed the medical check-up. Your duty is to make sure that passengers who enter the country have passed the medical check-up for cholera (you have to make sure that if the form says "entering" on one side, the other side includes Cholera among the list of diseases). Four passengers are showing you their forms. Which of the forms would you have to turn over to check (as an experienced officer you would only turn over the ones that need to be turned over)? Correct answer: the first and the last (top to bottom).
You are in a room and the only objects you have are a table, a candle and a box of nails. The table stands next to the wall. How would you attach the candle to the wall so that it does not drip onto the table below? There are no additional objects you can use and the table cannot be moved away from the wall. Solution: empty the box of nails, attach it to the wall and put the candle in the box.
Two strings are hanging from the ceiling. While holding one of the strings, you cannot reach the second simply by holding out your hand. How would you reach the second string and hold the two strings at the same time? There are different objects in the room, but none can be used for hooking the second string. Solution: tie any object to the first string, swing it, go and take the second, grasp the first string when it balances towards you. tested [10, 13] . This problem also has a larger instructions set than other insight tasks, considered advantageous for equating analytical and creative conditions for the initial WM load. The primary insight task was closely matched with the analytical task in performance level (see Table 2 , control group) and time to solution (average time 62 s and 56 s, respectively) [17] .
As time to solution in insight tasks is relatively unpredictable and can include very rapid solution times [17] , a secondary insight task (the two strings problem [21] ) was included. This allowed for the acquisition of the minimal number of ERP epochs per subject, without biasing the sample by discarding the subjects who provided an early response to the candle problem.
A maximum time of 75 s was established as the appropriate length of time for task performance for the two conditions, allowing the collection of an appropriate number of ERP epochs.
CWMT: Subjects counted 50 auditory stimuli (tones: 440 Hz, 200 ms) presented at pseudorandom intervals (mean 1500 ms, range 1000±2000 ms) either alone or concurrently with analytical and insight tasks.
Procedure: In the analytical condition subjects sat in a soundproof and electromagnetically shielded room with the instruction set for the task. After the experimenter's command subjects started reading the instructions. Their direction of gaze was monitored via a camera. Approximately 5 s after their gaze reached the middle of the page (where the instructions ended) subjects were asked if the task instructions were clear and provided explanations upon request. Subsequently, subjects were asked to turn over the instruction sheet, ®xate their gaze on a cross in front of them and attempt to solve the problem while counting tones at the same time. A mouse keypress signaled they had reached a solution. Subjects were instructed to examine the solution carefully before presenting it. Subjects were stopped 75 sec after task onset, if they had not already signaled their solution, and asked for the solution and the number of tones.
The procedure for the insight condition was the same as above except that subjects who solved the primary insight problem in less than 60 s (corresponding to the preset minimum of 40 ERP epochs/ condition) were given the secondary insight problem and stopped when the total time for both problems reached 75 s.
In the control ERP condition subjects were asked to count tones with no concurrent problem.
The order of the analytical, creative and control conditions was counterbalanced across subjects.
Data acquisition and analysis: Task performance was measured by the number of subjects who provided the correct solution. This was contrasted with the performance of Group 2 (see control group). Performance on the concurrent task was assessed by the number of counting errors.
The 28-channel (standard locations of Electro-cap International: 10/20 plus 9 additional sites [22] 
P300 amplitude was measured as the largest peak within the 250±450 ms time window and the average amplitude across the same time window. ERPs averaged across electrodes in four regions (frontal, temporal, central-parietal, occipital) for both hemispheres, which excluded the four midline electrodes (see Table 1 ). Both time window average and peak ERPs were subjected to a 3-step statistical analysis (Table 3) : (1) Omnibus repeated measures ANOVA, (2) (following signi®cant main effects or interactions in step 1) repeated measures ANOVAs for separate regions, (3) (following signi®cant main effects or interactions in step 2) post-hoc t-tests within regions. Greenhouse±Geisser corrections were applied for ANOVA results and Holm's Bonferroni procedure was used to control for alpha in¯ation in multiple t-tests. Hemispheres were averaged within regions unless preceded by a signi®-cant interaction involving hemisphere. The group factor corresponding to the analytical performance (correct/incorrect responses) did not enter the analysis because of the small number of subjects in the correct subgroup (5), but separate exploratory t-tests were performed to compare the two subgroups (correct/incorrect analytical) in all scalp regions.
To further investigate the P300 difference and to segment the ERP waves for establishing other potential components, a PCA was performed on covariance matrices, varimax rotated, with all time frames at all electrode sites as variables. Since the control condition was only of interest for interpreting P300 amplitude, it did not enter the PCA: additional levels decrease the reliability and accuracy of the PCA outcomes. Separate PCAs for the analytical and creative conditions were used for determining the PCA factor(s) corresponding to the P300 time window. The combined analytical/insight PCA was used for obtaining factor scores for each subject, in each condition, at each electrode site. Scores for the factors which exceeded the eigenvalue of 1 and explained . 5% of the variance were subjected to the same stepwise analysis as the waveforms, with an extra step (the initial omnibus ANOVA included an additional factor) the PCA factors, with six levels (Table 3) .
RESULTS
Behavioural data (Table 2) : While there was no statistically signi®cant difference between the number of subjects who solved the insight problem correctly with and without CWMT (compared to the control group), analytical performance was signi®cantly impaired by the presence of the concurrent task. This was also re¯ected by signi®cantly better insight than analytical performance with CWM: ÷
2
(1) 3.75, p 0.05, and the lack of signi®cant differences between the tasks in the previous study not employing CWMT (÷ 2 (1) 0.31, p . 0.5). Subjects' accuracy in counting tones in the three conditions was statistically indistinguishable (mean number of errors: analytical 0.9, creative 0.8, control 0.6; F(2) 2.48, p . 0.1).
ERP data (Table 3) : Statistically signi®cant interactions, involving condition, region and group (subjects who provided correct/incorrect responses in the creative condition) were found for both peak and time window average measures of P300. In the peak ANOVA hemisphere was also signi®cant in these interactions. ANOVAs for separate regions found the main effect of Condition only in the frontal region, followed by signi®cant analytical/creative and analytical/control t-tests in the frontal region (in both comparisons the amplitude was larger in response to counting tones during analytical problem solving; see Fig. 2 ). The insight/control t-tests and the exploratory ttests comparing correct/incorrect responders in the analytical condition were not signi®cant.
PCA revealed six components in both the analytical and insight conditions. Two components corresponded to the P300 peak (as revealed by the separate analytical and creative PCAs). This indicates that P300 is not a unitary component, but rather, it is likely to originate in at least two sources. Signi®cant interactions (condition 3 region 3 hemisphere and region 3 PCA factor) in the initial omnibus ANOVA, were followed by comparisons of PCA factors in the two problem solving conditions. Only the two PCA factors temporally overlapping P300 showed signi®cant main effects or interactions, with signi®cant effects in ANOVAs for separate regions or t-tests. The component that corresponded to the earlier part of the P300 was only different in the frontal region (as revealed by ANOVA main effect of condition in that region), whereas the component corresponding to the second part of the P300 was different in all regions with a laterality (left) effect in frontal, central-parietal and temporal regions. In both cases the scores were higher (which re¯ects a more prominent presence of the component) in the analytical than in the creative conditions. A third PCA factor showed a main effect of group, with no signi®cant differences in the posthoc comparisons between the two groups (correct/incorrect responders in the creative task).
DISCUSSION
This study has employed a novel approach to the ERP investigation of higher-order cognitive tasks and allowed us to objectively assess the distinctive nature of creative as opposed to analytical problem solving and to locate the source of these differences.
At the behavioral level, the differential effect of CWMT on the two types of problem solving indicates that verbal WM processes are prominently involved in the analytical task, which was disrupted, and not in the creative task, which was not. At the electrophysiological level, this was re¯ected by a more frontal P300 in the analytical task (AT) as compared to the creative and control (see Fig. 3 ), measured as higher peak and mean time-window P300 amplitude in AT at frontal sites. Therefore, there seems little doubt that a larger amplitude in this case re¯ects competition for WM resources between the AT and CWMT. Since frontal P3 family components are believed to re¯ect WM encoding [14±16], the ERP difference appears to re¯ect a stronger WM involvement in AT.
The PCA outcomes con®rmed the main ®nding of the waveform analysis (differences were only found in the P300 range and not in other components). Furthermore, this analysis showed that P300 difference is not uniform, but rather, it originates in at least two sources, likely to be the generators of P3a (the early, more frontal) and P3b (the late, broadly distributed). Larger component scores corresponding to the analytical vs. the creative condition were found in both P3a and P3b PCA factors. While the signi®cance of the P3a appears clear in our study, further investigation would have to elucidate the signi®cance of the PCA factor re¯ecting the P3b-like component. (2) condition (3) 3 region (4) 3 hemisphere (2) 3 group (2) condition (2) 3 region (4) 3 hemisphere (2) 3 PCA factor (6) 3 group (2) condition (2) 3 region (4) 3 hemisphere (2) 3 group (2) condition (2) 3 region (4) 3 hemisphere (2) 3 group (2) condition (2) 3 region (4) 
CONCLUSION
Both behavioural and electrophysiological outcomes support the distinction between the two problem solving types. This account departs from the assumption that, given the ill-de®nition of creative (insight) tasks and the ambiguity of the problem situation (problem space [2] ), little planning takes place during the resolution. Analytical tasks, on the contrary have a better de®ned problem space and, hence, more opportunities for planning and strategies. Since planning is crucially dependent on WM, a consequence would be differential WM involvement in the two types of tasks. That is exactly what was found on both behavioural and brain electrical activity levels. The results indicate that creative processes are less dependent upon WM than the analytical ones, thus suggesting different neural pathways for the two types of processes and rejecting the claim that they are essentially equivalent. 4 mV Ϫ4 mV Fig. 3 . The scalp distribution of P300 computed as a time window amplitude average (250±450 ms). From the left to the right: analytical, creative, control. The analytical condition shows a pronounced frontal scalp distribution, whereas in the other two conditions it is more posterior.
